Synchrotron WAXS and XANES studies of silica (SiO2) powders synthesized from Indonesian natural sands Khairanissa Muchlis, Nur Aini Fauziyah, Siriwat Soontaranon et al. Abstract. An attempt has been developed to establish the prospect of the useful application of Indonesian natural silica sand, instead of commercially expensive materials, as a future fuel-cell sealant. The sand was initially washed and ball-milled at 150 rpm for 60 minutes and then heated at 1000 C for the same duration. The resulting powder was then mixed with alumina powder at various amounts and shaped into discs before sintering at 1150 C and 1250 C to produce compact ceramics. The diameter shrinkage, porosity, and density of the ceramics were evaluated by Archimedes method. Their crystalline phase composition was quantified by Rietveld refinement analysis on the X-ray diffraction (XRD) data and the phase weight fraction was then used for coefficient of thermal expansion (CTE) evaluation. It was observed that the bulk density increased while the porosity decreased with alumina addition. The XRD data analysis revealed that the prepared silica sand contains a very high purity of quartz-SiO 2 , i. [5] . The SOFCs, devices that convert the chemical energy of fuels into electricity, have been extensively studied to reduce CO 2 emission and fossil fuel consumption [6] . In spite of this, it is confronted with a challengeable task on preventing leakage when an SOFC operates at high temperature (800-1000 °C) [7] . Consequently, a proper gas-tight sealing material plays a decisive role to obtain the best operation and performance of SOFCs [8] . The very basic criteria for fuel cell sealing material are the CTE, which must be in the range of 9-12 ppm/°C [9] , and thermo-mechanically and chemically stable [10] . The matching of CTE of the fuel-cell sealing materials to other cell components is essential to minimize the thermal stresses [11] .
Introduction
In light of finding future clean energy technologies, solid oxide fuel cells (SOFCs) are recognized as one of the most environmentally friendly and feasible energy conversion devices [1, 2] . It is due to their very long life expectancy [3] , high efficiency [4] , and fuel flexibility properties [5] . The SOFCs, devices that convert the chemical energy of fuels into electricity, have been extensively studied to reduce CO 2 emission and fossil fuel consumption [6] . In spite of this, it is confronted with a challengeable task on preventing leakage when an SOFC operates at high temperature (800-1000 °C) [7] . Consequently, a proper gas-tight sealing material plays a decisive role to obtain the best operation and performance of SOFCs [8] . The very basic criteria for fuel cell sealing material are the CTE, which must be in the range of 9-12 ppm/°C [9] , and thermo-mechanically and chemically stable [10] . The matching of CTE of the fuel-cell sealing materials to other cell components is essential to minimize the thermal stresses [11] .
Recently, ceramic-based composites and glass-ceramics have become highly recommended sealing materials for various SOFCs attributable to their superior characteristics compared with those of metallic sealants, mainly to resist both reducing and oxidizing environments [12, 13] . Additionally, they also perform excellent gas tightness and provide CTE similar to those of the other stack components [14] . Numerous investigations have been conducted in search of great fuel cell sealants, e.g. 30CaO-40SiO 2 -20B 2 O 3 -10A 2 O 3 (A = Y, La) [7] , Al 2 O 3 -glass composite [13] , and [15] . Al 2 O 3 /SiO 2 -based sealants show an excellent performance in maximizing the SOFC operation [16] . However, rarely has a research exclusively explored the use of natural silica-based materials as the SiO 2 source for fuel cell sealants production.
In this present study, we introduce the prospect of using Indonesian silica sand as the fuel cell sealing material. This breakthrough is crucial not only to minimize the fabrication cost of alumina/silica-based fuel cell sealants but also to elevate the added-value of the abundant natural silica sand resources. As one of the most abundant naturally-occurring materials, SiO 2 can be predominantly found in silica sand [17] . Indonesia becomes a country that serves a significant amount of natural silica sand. It can be revealed from the facts that (1) Indonesia is the largest archipelagic nation with roughly 67% sea and (2) it is one of the world's top five countries with the longest coastlines imply many advantages regarding its mineral resources [18] . Also, our previous preliminary studies [19, 20] reported that Indonesian silica sand from coastal district of Tuban comprised of very high quartz-SiO 2 content. The results lead to a must-solved research question of establishing the potential of natural silica sand/alumina ceramic composites for fuel-cell sealants that is described in this paper.
Experimental Methods
High purity quartz-SiO 2 was extracted from natural silica sand from Indonesian Beach, particularly located in Tuban area. The selected sands were simply washed by using water and dried overnight. The dried silica sands were then mechanically sieved to obtain fine powders and magnetically extracted to eliminate the magnetic constituents. The typical silica sands were ball-milled at 150 rpm for 60 minutes followed by sintering at 1000 °C for other 60 minutes. The elemental contents of the prepared SiO 2 were reported elsewhere [19, 20] . Alumina (PA, Sigma-Aldrich) with various concentrations were ground with the prepared silica before 4-hour sintering at 1150 °C and 1250 °C.
The prepared powder was then uniaxially pressed with a force of 600 N to produce a cylindricalshaped sample with a diameter of 1.3(1) cm for density-porosity measurement. X-ray diffraction (XRD) using Cu-Kα radiation was applied to evaluate the phase profiling in the sample. Density-porosity was measured by means of Archimedes method following the Australian standard of 1774.5. Rietveld refinement approach was executed to analyze the relative weight fractions of each phase [21] via Rietica software [22] as the crystalline phase identification was completely acomplished by means of X'Pert High Score Plus software [23] . The relative weight fractions were then converted to volume fraction for CTE composite evaluations. Additionally, the nomenclatures for sample identifications were given by using the following naming convention. "NSS" refers to natural silica sand, "A" refers to alumina, and "1150" (or "1250") relates to the sintering temperature. Therefore, "NSS1A" means a composite of natural silica sand with the addition of 10% alumina. "NSS3A1250" means a composite of natural silica sand with 30% of alumina addition and 1250 °C sintering temperature.
Results and Discussion
The physical data for all composites in terms of diameter shrinkage, porosity, and bulk density (note: a terminology of "density" in this paper always refers to "bulk density" unless there is another detail) are depicted in Table 1 . Based on Table 1 , it can be seen that the highest diameter shrinkage is -0.19(1) mm for NSS1250. Such shrinkage is believed due to the external pressure and sintering treatment [24] . Other factors that affect shrinkage are inhomogeneous particle shape [25] and porous shape [26] .
In general, an addition of Al 2 O 3 increases the composite's density and reduces its porosity. At a sintering temperature of 1250 °C, the porosity of NSS1250 decreases 1.22% from the porosity of NSS1150. The porosities of NSS1A1250, NSS2A1250, and NSS2A1250 are, respectively, 29.61(4)%, 29.07(4)%, and 28.98(4)%. The highest density was obtained when the sample has 30% Al 2 O 3 content for both sintering temperatures. The addition of 30% Al 2 O 3 to the SiO 2 increases the density of as much as 0.19 g/cm 3 and 0.31 g/cm 3 , respectively at 1150 °C and 1250 °C sintering temperatures. Additionally, those increments of the composites density result from the presence of crystalline phases formed in the samples.
Phase identification and quantification are necessary to evaluate the coefficient of thermal expansion (CTE) of the composites. The results are also essential to justify chemical reactions between silica and alumina. The XRD profiles of the composites after sintering are depicted in Figure 1 . The phase compositions of natural silica sand/alumina composites are given in Table 3 . The phase identification verifies that all the XRD profiles contain quartz-SiO 2 (PDF reference code: 00-046-1045), corundumAl 2 O 3 (01-075-1862), wollastonite-CaSiO 3 (01-075-1396), and cristobalite-SiO 2 (01-077-1317). An example of the phase identification analysis result (sample NSS1A1150) is listed in Table 2 . Full pattern Rietveld refinement gives more precise phase quantification data for the representative samples as depicted in Table 3 . Table 3 tells that calcite does not further exist. Wollastonite occurred as a consequence of reaction between SiO 2 and CaO during the sintering process. CaO could come from CaCO 3 decomposition within the natural silica sand at a temperature of, at least, 895 °C [27] . CaCO 3 was detected in the as prepared silica sand. The processed silica sand, based on Rietveld refinement on XRD data, contained quartz-SiO 2 and calcite-CaCO 3 with weight fractions of 97.8(18)% and 2.2(2)%, respectively (the XRD data is not shown). The contribution of calcium oxide in wollastonite formation is not merely influenced by CaO, or CaCO 3 decomposition. It also comes from the alumina itself (from XRF data of alumina, it contains 1.1(1)% calcium), though the contribution is subtle. The wollastonite formation is given in Equation 1 [28, 29] : (4) 2.77(1) Note: Δd = diameter shrinkage, P = porosity, and ρ = density. Meanwhile, the cristobalite within the samples is caused by phase transformation of the quartz-SiO 2 due to thermal treatment since quartz transformed to be cristobalite at a temperature above 1000 °C [30] . Such fact is in line with the result found in this experiment; cristoballite occurred at the temperature of 1150 °C. The addition of Al 2 O 3 decreases the concentration of SiO 2 . Therefore, the reduction of cristobalite as the addition of Al 2 O 3 undoubtedly happens. [31] , the solidus of mullite shifts as the alumina increases above the eutectic point. Nucleation and growth of mullite start to occur above the sintering temperature of 1587 °C [31] since quartz completely transforms to cristobalite at 1570 °C [30] . Hence, it makes sense that mullite was not observed by XRD yet.
An understanding of the composite performance, based on the constituent materials, is important not only for practical purposes like predicting the composite properties, e.g. CTE but also as fundamental knowledge to develop new materials [32] . After converting the weight fractions in Table 3 to volume fractions, CTE values prediction can be made by applying Halpin-Tsai equation [33, 34] As noticeably pictured in Figure 2 , an addition of Al 2 O 3 for the sintering temperature of 1150 °C reduces the CTE of the composites. It is because of the smaller CTE of corundum compared with quartz as the predominant phase in the composites. This finding is in good agreement with another literature [35] . Moreover, at the same time, an addition of Al 2 O 3 for the sintering temperature of 1250 °C conversely elevates the CTE of the composites. It is because of the increasing amount of cristobalite (see Table 3 ) and volume fraction of corundum which is no longer able to decrease the CTE of the composites. On top of that, all SiO 2 /Al 2 O 3 /CaSiO 3 composites show excellent CTE matching to those of fuel-cell components, with CTE values in the range of 9-12 ppm/°C.
Conclusion
This present study concludes that the natural silica sand from Tuban area is a promising candidate as a fuel cell sealing material with the incorporation of alumina. The 4-hour sintering at temperatures of 1150 C and 1250 C has transformed some quartz-SiO 2 to crystobalite-SiO 2 . Calcite-CaCO 3 within the samples completely reacted with SiO 2 forming wollastonite-CaSiO 3 . Thus, the ceramic composites encompassed SiO 2 /Al 2 O 3 /CaSiO 3 . Finally, regarding CTE, all of the composites meet the criteria for fuel cell sealants.
